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ABSTRACT
We report the discovery of a remnant radio AGN J1615+5452 in the field of ELAIS-
N1. GMRT continuum observations at 150, 325 and 610 MHz combined with archival
data from the 1.4 GHz NVSS survey were used to derive the radio spectrum of the
source. At a redshift z ∼ 0.33, J1615+5452 has a linear size of ∼ 100 kpc and spectral
indices ranging between α1400610 < −1.5 and α325150 = −0.61 ± 0.12. While the source has
a diffuse radio emission at low frequencies, we do not find evidence of core, jets or
hotspots in the 1.4 GHz VLA data of ∼ 5 arcsec angular resolution. Such morpholog-
ical properties coupled with a curved radio spectrum suggest that the AGN fueling
mechanisms undergo a shortage of energy supply which is typical of a dying radio
AGN. This is consistent with the observed steep curvature in the spectrum ∆α ≈ −1,
the estimated synchrotron age of ts = 76.0 +7.4−8.7 Myr and a toff/ts ratio of ∼ 0.3.
Key words: galaxies: active – galaxies: individual: J1615+5452 – radio continuum:
galaxies.
1 INTRODUCTION
In the active stage which usually lasts ∼ 10−100 Myr (Cordey
1986), the classical morphology of a radio galaxy is charac-
terized by the presence of a core, a pair of lobes and includ-
ing jets, and/or hotspots. Such features indicate the con-
tinuous injection (CI) of relativistic electrons that fuel the
active galactic nuclei (AGN). Following the active phase of
the radio AGN, the source enters the so-called remnant or
dying phase, as the nuclear engine switches off and the com-
pact radio components, typical signatures of current activ-
ity, eventually disappear (Parma et al. 1999; Slee et al. 2001;
Kapin´ska et al. 2010; Morganti 2017).
Despite the challenges of detecting radio AGNs in their
remnant phase, especially prior to the era of low frequency
radio facilities such as the Giant Metrewave Radio Telescope
(GMRT, Swarup 1991), the Low-Frequency ARray (LOFAR,
van Haarlem et al. 2013) and the Murchison Widefield Array
(MWA, Lonsdale et al. 2009; Tingay et al. 2013), Cordey
(1987) made a breakthrough when reporting the first dis-
covery of a dying AGN known as B2 0924+30. Since then,
this prototype of genuine radio remnants hosted by IC 2476
has been the subject of follow-up studies (Jamrozy et al.
2004; Shulevski et al. 2017; Turner 2018). Meanwhile, other
? E-mail: zara@saao.ac.za
sources of this type have now been found in wide-field radio
surveys (e.g. Parma et al. 2007; Murgia et al. 2011; Saripalli
et al. 2012; de Gasperin et al. 2014; Brienza et al. 2016, 2017;
Mahatma et al. 2018; Duchesne & Johnston-Hollitt 2019).
The switching off of the central AGN activity is trans-
lated into a steep spectrum α < −1.3 (S∝ να, e.g. Komis-
sarov & Gubanov 1994; Parma et al. 2007; Shulevski et al.
2017) of the associated radio emission in the GHz frequency
regime, according to radiative ageing models (e.g. Karda-
shev 1962; Pacholczyk 1970; Jaffe & Perola 1973). This is
because the injected relativistic electrons lose energy with
time due to both synchrotron emission and Inverse Compton
scattering with the Cosmic Microwave Background (CMB)
photons (Komissarov & Gubanov 1994). Since higher energy
electrons lose energy more quickly and have shorter radiative
lifetimes, this results in a high-frequency turn down of the
synchrotron spectrum occuring beyond a break frequency νb
that drifts in time to lower frequencies. Below the break fre-
quency, the radio spectrum of the non-active source has a
spectral injection index, αinj, typically in the range < −0.5
to −1 (e.g. Blandford & Ostriker 1978; Murgia et al. 2011;
Brienza et al. 2016), while above νb, the spectral index α is
steeper than αinj − 0.5 (Kardashev 1962; Pacholczyk 1970;
Jaffe & Perola 1973).
Searches for remnant radio AGNs are generally based
on detection of ultra-steep spectra at low frequencies (e.g.
© 2020 The Authors
ar
X
iv
:2
00
6.
10
02
8v
1 
 [a
str
o-
ph
.G
A]
  1
7 J
un
 20
20
2 Z. Randriamanakoto et al.
Parma et al. 2007; Cohen et al. 2007). To recover candi-
dates with a spectrum not steep enough at low frequencies
but ultra-steep above ∼ 1.4 GHz, Murgia et al. (2011) and
Brienza et al. (2016, 2017), following the idea of Sohn et al.
(2003), used the radio spectral curvature parameter (SCP).
This parameter uses multi-frequency information to exam-
ine the difference between high frequency and low frequency
spectral indices, i.e. ∆α = αhigh − αlow, and its value cor-
relates with the different evolutionary stages of the radio
galaxy. In the typical case of a remnant AGN, ∆α  −0.5
(Murgia et al. 2011).
Since remnant AGNs represent the final stage in the
evolution of a radio galaxy, they are important objects for
understanding of the radio galaxy life cycle, i.e. from the
triggering of relativistic jets to the nuclear engine switch
off, possibly followed by a restarting activity of AGN that
may co-exist with a surrounding fossil radio emission (Saikia
& Jamrozy 2009; Murgia et al. 2011; Saripalli et al. 2012;
Shulevski et al. 2012; Konar et al. 2013; Morganti 2017; Ma-
hatma et al. 2018; Jurlin et al. 2020). Characterizing these
elusive objects through their morphology and spectra will
help determine the duty cycle of the radio core activity and
the dynamical evolution of radio galaxies since mechanisms
such as adiabatic expansion and radiative losses are expected
to regulate the evolution of the remnant radio plasma once
the radio jets switch off. Thorough investigations of the AGN
duty cycle and its dynamics are thus crucial to put con-
straints on the radio galaxy evolution models (e.g. Brienza
et al. 2017; Mahatma et al. 2018; Shabala et al. 2020). An
extensive analysis of these sources will also help to address
one of the key questions in the field of galaxy evolution: the
co-evolution process between the supermassive black hole
(SMBH) and its host galaxy (e.g. Silk & Rees 1998; Kor-
mendy & Ho 2013; Sijacki et al. 2015). Although the tight
correlation between the SMBH growth and the galaxy build-
up has already been widely acknowledged, the impacts of the
AGN physical properties and AGN feedback on the cosmic
evolution of the host galaxy and its environment are still
under debate (Jahnke & Maccio` 2011; Fabian 2012 and ref-
erences therein).
Because of the rapid timescale of particle energy de-
cay, and the paucity of high sensitivity data at multiple
wavelengths, only a handful of steep spectrum dying radio
sources have been observed, especially in the cm wavelength
regime. However, in addition to their spectral signature, fos-
sil AGNs may be recognizable in deep low-frequency images
as relatively bright and diffuse emission devoid of a core
and/or hotspots and with resolutions of a few arcseconds.
Such emission arises from low energy particles that are rela-
tively unaffected by the fast spectral evolution (Parma et al.
2007; Murgia et al. 2011; Brienza et al. 2017; Morganti 2017).
In this work, we report the discovery of a new rem-
nant radio galaxy, J1615+5452, in the field of the European
Large-Area ISO Survey-North 1 (ELAIS-N1 or EN1, Oliver
et al. 2000) from the GMRT 610 MHz observations. We use
the archival low-frequency GMRT observations at 150 MHz
and 325 MHz and 1400 MHz data from the Karl G. Jansky
Very Large Array (VLA) to obtain the source radio spec-
trum and to reconstruct its history of AGN activity.
The paper is structured as follows. We describe the ob-
servations and data processing in Section 2. Radio morphol-
ogy and integrated spectra of the source are reported in
Section 3 and Section 4 investigates the nature of the rem-
nant AGN. We discuss the results in Section 5 and pro-
vide a summary of the work in Section 6. We adopt the
following cosmological parameters throughout the paper:
H0 = 67.8 km s−1 Mpc−1, Ωm = 0.308, and ΩΛ = 1 − Ωm
(Planck Collaboration et al. 2016).
2 OBSERVATIONS AND DATA PROCESSING
EN1 is a field in the northern part of the sky centred near
RA = 16h10m, DEC = +54◦35′ (J2000 coordinates). The low
foreground infrared emission in this region has made it a pri-
mary target for deep extragalactic surveys, including deep
radio continuum surveys over a range of frequencies (Garn
et al. 2008; Sirothia et al. 2009; Grant et al. 2010; Banfield
et al. 2011; Jelic´ et al. 2014; Taylor & Jagannathan 2016;
Chakraborty et al. 2019; Ocran et al. 2020). This work uses
observations of EN1 with the GMRT taken at 150, 325, and
610 MHz as well as data at 1400 MHz from the VLA. Table 1
summarizes the GMRT observation logs of the field includ-
ing the central frequency, the bandwidth, the observing date
and the on-source integration time.
2.1 GMRT observations
The 610 MHz data is from the ELAIS-N1 wide area survey
of this region using the GMRT. This is a large area survey
of 12.8 sq. degrees comprised of 51 pointings of 3 hours each
and observed between 2011 and 2017 (Ishwara-Chandra et
al. 2020, submitted). We used the GMRT Software Back-
end (GSB) with a 32 MHz bandwidth split into 256 spec-
tral channels to avoid bandwidth smearing. On most days,
we observed 3C286 as a primary calibrator while 3C48 for
flux and bandpass calibration observed over a few days only.
The data analysis was carried out using a fully automated
CASA-based pipeline which is described in detail in Ishwara-
Chandra et al. (2020, submitted). In a nutshell, the data was
flagged, gain calibrated, and after which several rounds of
self-calibration on target along with flagging on residuals
were being processed. For imaging, we used a robust param-
eter of 0 in the Briggs weighting scheme. The final rms noise
was ∼ 40 µJy/beam at a resolution of 6 arcsec circular beam.
J1615+5452 was discovered from this deep image as fuzzy
source without any hotspots or compact feature. The angu-
lar extent of this source is much smaller than the largest
source that can be detected at this frequency (17′).
The GMRT 325 MHz observations cover 3.6 square de-
gree area of the ELAIS-N1 field with a phasecenter set at
α = 16h10m, δ = +54◦40′. The survey is part of the GMRT
radio continuum imaging of the Herschel/HerMES field
(PI: Wadadekar, Prop ID: 24 026). Two single pointing ob-
servations of ≈ 8.5 hours each were carried on 2013 May 26 &
27 with a total bandwidth of ∼ 32 MHz. Each ∼ 52 min scan
of the target field was followed by a ∼ 5min secondary cal-
ibrator observation to track the ionospheric conditions, the
RFI contamination and any variations in the receiver system
throughout the entire observing run. We have processed this
archival data through the same CASA-based pipeline used
to analyse the wide-area 610 MHz data. 3C286 and 3C48
were used for flux calibration and 1459+716 for phase cali-
bration. Each day’s data was calibrated separately and the
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Table 1. Log of the GMRT observations of the ELAIS-N1 field.
Band Central Fqcy BW Project Code & PI Obs.date On-source time Resolution σrms
[MHz] [MHz] [MHz] [hr] [arcsec] [µJy/beam]
(1) (2) (3) (4) (5) (6) (7) (8)
150 153 6 12MDB01, Dennefeld May 2007 17 x 0.5 38 × 21 3500
325 323 32 24 026, Wadadekar May 2013 2 x 8.5 9 70
610 610 32 19 064, 20 020, 21 086, 22 057, Taylor 2011 - 2017 3 x 1 6 40
Notes. Columns 1 & 2: nominal and precise central frequencies; Column 3: bandwidth used for mapping the field; Column 4: GMRT project
code and name of the principal investigator; Column 5: date of the observations; Column 6: on-source integration time; Columns 7 & 8: angular
resolution and rms noise of the radio image.
split files of target field were combined before imaging with
CASA tclean using the default robust weighting of 0. We
performed four rounds of phase-only self-calibration followed
by five rounds of amplitude and self-calibration, which in-
cluded residual-based flagging in between each round. The
final image reached a sensitivity down to σ ≈ 70 µJy/beam
without applying direction-dependent calibration. Primary
beam correction was done following standard procedures.
J1615+5452 is clearly detected in this image and the source
is much smaller than the largest angular size that can be
imaged using the GMRT at 325 MHz (∼ 30′).
We searched for J1615+5452 in the 150 MHz TIFR
GMRT Sky Survey (TGSS, Intema et al. 2017) and the
source was not clearly detected. The nearest survey point-
ing center is 1.6 degree away which is close to the half-power
beamwidth at 150 MHz. There is a faint source at the ex-
pected location with a peak flux density of about 20 mJy and
a total flux density of 95 ± 21 mJy. Since the peak flux is less
than 5 times the local rms, it did not get listed in the TGSS
catalogue. We searched for other 150 MHz archival data with
the GMRT and found long observations with ∼ 8.5 hours on-
source time, taken in May 2007 (PI: Dennefeld). The signal
bandwidth was 6 MHz with a correlator bandwidth of 8 MHz
split into 128 channels to minimise the effects of bandwidth
smearing. 3C147 and 3C48 were observed for primary cali-
bration and 1459+716 for secondary calibration. The data
was analysed using the SPAM pipeline (Intema et al. 2009)
following standard procedure which included direction de-
pendent calibration for total intensity continuum imaging
(robust = 0). The rms noise of the image is ∼ 3.5 mJy/beam
with a resolution of 37.7 × 20.9 arcseconds at the position
angle of 52 deg. The source is clearly detected in this im-
age which is the one we use for the flux density estimate at
150 MHz (Table 2).
2.2 VLA observations at 1.4 GHz
A snapshot image of J1615+5452 is retrieved from the
NRAO VLA Sky Survey (NVSS, Condon et al. 1998). At
a resolution of ∼ 45 arcsec coupled with a sensitivity of
∼ 2.5 mJy/beam above 5σ, the 1.4 GHz survey records a flux
density of 5.6 mJy for this given source. We also retrieved
the radio image from the Faint Images of the Radio Sky at
Twenty-Centimeters survey (FIRST, Becker et al. 1995), but
the NVSS point-like source is only detected in FIRST below
4σ with a very weak intensity < 0.4 mJy. We did not find ra-
dio counterparts as well in the 10 sq. degrees 1.4 GHz VLA
image of the EN1 field published by Banfield et al. (2011).
The local rms noise is ∼ 90 µJy/beam. Unlike NVSS, these
two VLA observations are at a higher angular resolution of
∼ 5 arcsec. No compact feature at high resolution suggests
the absence of core emission.
3 PROPERTIES OF J1615+5452
3.1 Host galaxy
Figure 1 shows the 610 MHz radio continuum contours of
J1615+5452 overlaid on a i-band image from the Sloan Dig-
ital Sky Survey Data Release 12 (SDSS-DR12, Alam et al.
2015). A red spheroidal galaxy is located coincident with
the peak of the radio emission and slightly ∼ 1.9 arcsec East
of the centroid of the radio source. Based on spectroscopic
observations from the SDSS-DR14 (Abolfathi et al. 2018),
this galaxy has a redshift of z = 0.32936 ± 0.00005 at which
1 arcsec corresponds to 4.89 kpc. With no obvious nebular
emission lines from young blue stars, its integrated spectrum
retrieved from the SDSS Catalog Archive Server1 is rather
characterized by a prominent break around 4000 A˚ and the
presence of Ca H and K lines along with other strong ab-
sorption lines like MgI and NaD. Such features are typical
of an early-type elliptical galaxy (Kennicutt 1992).
The newly detected remnant radio emission is likely as-
sociated with the SDSS galaxy. In fact, the slight misalign-
ment between the position of the optical galaxy and the peak
of the radio emission is consistent with a host galaxy that is
moving away from the relic radio plasma after its AGN ac-
tivity ceases (e.g. Duchesne & Johnston-Hollitt 2019). Such
an offset has also been reported by Gentile et al. (2007) when
studying 3C338, a restarted radio galaxy where the remnant
plasma of the source is clearly disconnected from the host
galaxy.
The potential host galaxy does not belong to any cluster
of galaxies detected in EN1 field (V. Parekh, private com-
munication). However, there are three SDSS galaxies with
g < 22 mag within its 0.5′ radius. Such a proximity to other
galaxies suggests that the host galaxy could reside in a loose
group environment. It is worth investigating the nature of
the galaxy environment since Murgia et al. (2011) reported
that fossil lobes of cluster-based remnant radio galaxies tend
be more confined than the ones associated with a dying radio
source found in the field. Unfortunately, no X-ray observa-
tions covered this area of the sky to help investigate the
effects of the surrounding intercluster medium on the radio
source.
1 https://skyserver.sdss.org/dr12/en/tools/chart/navi.aspx
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Table 2. Properties of the peculiar radio source.
Source name J1615+5452
RA (J2000) 16h15m31.1s
DEC (J2000) +54d52m28s
z 0.32936
S150 81.1 ± 6.3 mJy
S325 50.5 ± 2.5 mJy
S610 24.8 ± 1.2 mJy
S1400 6.7 ± 0.8 mJy
α1400150 −1.12± 0.06
α1400610 −1.58± 0.15
α610325 −1.12± 0.11
α325150 −0.61± 0.12
∆α (SCP) −0.97± 0.19
L1.4 GHz 2.64 × 1024 W Hz−1
Figure 1. The 610 MHz radio continuum contours (levels −2, 2,
3, 5, 10, 30, 40, 45, 48, 50 × σ (40 µJy/beam)) overlaid on the
SDSS-DR12 i-band image. The cross is the centroid of the radio
emission. The filled ellipse in the lower left represents the FWHM
contour of the synthesized beam at 610 MHz.
3.2 Morphology and flux densities
Figure 2 shows the radio images at all four frequencies. As
noted in Table 1, the GMRT angular resolution ranges from
6 arcsec at 610 MHz to 20 arcsec at 150 MHz. We used PyBDSF
(Mohan & Rafferty 2015) to measure the flux density of the
source from all the available images. The derived values are
presented in Table 2 with the associated errors σI computed
following the expression outlined by Hopkins et al. (2003)
but with a slight modification to account for our instrumen-
tal and pointing errors:
σI = I
√
2.5
(σ
I
)2
+ 0.052 (1)
where I is the integrated flux density and σ the local rms
noise.
We first noticed the peculiarity of J1615+5452 by cross-
matching the GMRT 610 MHz radio image of EN1 with the
high resolution 1.4 GHz VLA data. While the source is easily
detectable at 610 MHz with a projected linear size of ∼ 92 kpc
(0.31 arcmin) at z ∼ 0.33 and a flux density of S610 = 24.8±
1.2 mJy, no 1.4 GHz contours however, have been recovered.
The VLA high resolution images did not reveal any compact
core, jets or hotspots. Such a non-standard morphological
structure is worth an investigation as it was also observed
by e.g. Brienza et al. (2016) when studying a remnant radio
galaxy in a particularly low-density environment.
The radio emission is also featured at 150 MHz with a
flux density of S150 = 81.1± 6.3 mJy. In the 325 MHz image,
the source has extended diffuse emission with S325 = 50.5 ±
2.5 mJy and a projected linear size of 100 kpc (0.34 ar-
cmin). The source extraction with PyBDSF in the low res-
olution NVSS data resulted in a flux density of S1400 = 6.7 ±
0.8 mJy which translates to a radio luminosity of L1.4 GHz =
2.64 × 1024 W Hz−1.
We also estimated an upper limit of the radio core
prominence (CP) which is a parameter used by e.g. Gio-
vannini et al. (1988), Hardcastle et al. (2016), Brienza et al.
(2016, 2017), Mahatma et al. (2018) in their search for can-
didate remnant AGNs. This was done by taking the ratio
between the 3σ local rms noise in the high resolution VLA
image from Banfield et al. (2011) and the total flux density
at 150 MHz. We derived a value of CP . 3.3 × 10−3. How-
ever, given that this value changes depending on the observ-
ing frequencies and that a low core prominence is expected
for a flat-spectrum core component combined with a steep-
spectrum of the total radio emission (Hardcastle & Looney
2008), we also considered an alternative method to investi-
gate the AGN activity in the core. By taking the value of
L1.4 GHz, we used the following empirical relation established
by de Ruiter et al. (1990):
log CP = −0.55 log L1.4 GHz + 11.76 (2)
to predict a much higher value of CP∼ 0.02. The de Ruiter
et al. (1990) relation states that the CP is inversely propor-
tional to the radio power, i.e. low luminosity radio sources
(with radio powers smaller than 1026 W Hz−1) are expected
to have a relatively higher CP compared to the high lumi-
nosity ones.
The values of the core prominence and the absence of
the compact radio structure suggest that J1615+5452 could
be a dying AGN (see Section 5). The analysis of the source
radio spectrum in Section 3.3 will help determine whether
the AGN activity has indeed switched off.
3.3 Radio spectrum
In the active stage, a broken power-law fit also known as
the CI model (Kardashev 1962; Jaffe & Perola 1973) best
describes the radio source spectrum with a spectral index
α ∼ αinj below the break frequency and α < αinj − 0.5 above
MNRAS 000, 1–9 (2020)
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Figure 2. Radio maps of the source J1615+5452 with the synthesized beam shown in the bottom left corner. Overlaid are the total
intensity contours: (top left) GMRT 150 MHz map, levels −2, 2, 3, 5, 7, 10 × σ (3.1 mJy/beam); (top right) GMRT 325 MHz map, levels
−3, 3, 5, 10, 30, 50, 100 × σ (70 µJy/beam); (bottom left) GMRT 610 MHz map, levels −3, 3, 5, 10, 30, 50 × σ (40 µJy/beam); (bottom
right) NVSS 1400 MHz map, levels −2, 2, 3, 5, 7, × σ (0.34 mJy/beam).
νb. If the source is young enough and the observing fre-
quency range is limited to ∼GHz frequencies, then a simple
power-law with α ∼ αinj produces a reasonable fit to its radio
spectrum still unaffected by the radiative losses.
For J1615+5452, the best fit model2 of the integrated
spectrum (see Figure 3) is a broken power-law fit combined
with an exponential break frequency νb, exp. At low frequen-
cies, the spectral shape is typical of active radio galaxies
with an index of α325150 = −0.61± 0.12. Steep spectra with
α610325 = −1.12± 0.11 and α1400610 = −1.58± 0.15 are, however,
recorded above a certain spectral break likely occurring be-
2 The best fit CIoff model by Komissarov & Gubanov (1994) is
briefly described in Section 4.2.
tween 325 and 610 MHz. The value of such a parameter and
the resulting synchrotron age are derived in Section 4.2.
In the frequency range 150 - 1400 MHz, α1400150 = −1.12±
0.06 and the spectral curvature parameter ∆α = α1400610 −α325150
is equal to −0.97±0.19. The measured values of the SCP and
the spectral indices are reported in Table 2.
The spectral break at low frequencies, the steep high fre-
quency spectra as well as a SCP  −0.5 imply the predom-
inance of nonthermal synchrotron emission and the central
engine switch off. Such characteristic features of the spectra
classify once again J1615+5452 as a dying radio AGN (e.g.
Parma et al. 2007; Murgia et al. 2011; Brienza et al. 2016).
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Figure 3. The integrated radio spectrum of the candidate rem-
nant radio AGN J1615+5452. The dashed line represents the best
fit CIoff model (though associated with a relatively flat injec-
tion index of 0.40). For αinj = 0.61 and Beq = 4.1µJy, the same
model returns the solid line with an observed break frequency
νb ∼ 384 MHz and an off component break at 5 GHz.
4 INVESTIGATING THE DYING RADIO AGN
4.1 Source energetics
A first order approximation of the synchrotron age requires
an estimate of the magnetic field strength. We assume mini-
mum energy conditions between particles and magnetic field
to derive the equipartition magnetic field Beq which is given
by
Beq[G] =
( 24pi
7
umin
)1/2
. (3)
Assuming an uniform magnetic field and an isotropic
particle distribution, we computed the minimum energy den-
sity umin following the Govoni & Feretti (2004) formula:
umin
[ erg
cm3
]
= ξ(α, ν1, ν2)(1 + k)4/7(ν0 [MHz])−4α/7
× (1 + z)(12−4α)/7
(
I0 [ mJyarcsec2 ]
)4/7(d [kpc])−4/7 (4)
where the parameter ξ is dependent on frequencies (ν1 =
10 MHz and ν2 = 100 GHz) and the synchrotron spectral
index α < 0 presumed for the observed spectrum; k is the
relativistic proton-to-electron energy density ratio. I0 is the
source surface brightness measured at the frequency ν0 and
d is the source depth.
At α = −0.61 with ν0 = 325 MHz, we find umin =
1.54 × 10−12 erg cm−3 and Beq ∼ 4.1 µG. The other parame-
ters in Eq. 4 are as follows: k = 1, I0 = 0.43 mJy/arcsec2,
and d ∼ 100 kpc (the average of the angular extents of the
source). Note that the value of α is consistent with the ob-
served injection index αinj measured at ν0 where the steep-
ening is still not affecting the shape of the radio spectrum.
Regarding the frequency interval, the choice of a relatively
low value of ν1 = 10 MHz is motivated by the importance
of the energy density of relativistic electrons radiating their
energy at lower frequencies (e.g. Pacholczyk 1970; Beck &
Krause 2005). The value of ν2 is however less critical for
the minimum energy estimates. In fact, if ν2 = 10 GHz for
α = −0.61, umin only decreases by 9 percent from its current
value.
Previous works have reported that the classical formula
used to calculate Beq may underestimate the magnetic field
strength because of inadequate assumptions of the frequency
integration limits (e.g. Brunetti et al. 1997; Beck & Krause
2005). A revised estimate is:
B
′
eq [G] ∼ 1.1γ
1+2α
3−α
min B
7
2(3−α)
eq (5)
where B
′
eq is a modified equipartition magnetic field based
on a limit of the Lorentz factors γ assuming γmax  γmin.
For γmin = 100 and γmax = 106, we find B
′
eq ∼ 4.9 µG using
the 325 MHz radio emission. Because of the flat radio spec-
trum at low frequencies, we only expect ∼ 20 − 30 percent
deviation of the revised value from the classical Beq (Beck &
Krause 2005). In this work, such a variation is only around
16 percent. We thus adopt the magnetic field strength Beq ∼
4.1 µG in the remainder of this work.
4.2 Synchrotron age
With estimates of the magnetic field strength Beq and the
break frequency νb, one can calculate to first order the spec-
tral age ts using the following expression (Murgia et al.
2011):
ts [Myr] = 1590
[ (Beq [µG])1/2
(B2eq + (BIC [µG])2)(1 + z)1/2 (νb [GHz])1/2
]
(6)
where BIC = 3.25 (1 + z)2 is the Inverse Compton equiv-
alent magnetic field. By setting a lower limit to the break
frequency such that νb = 610 MHz, an upper limit to the
source age is in the order of 120 Myr.
We also run BRATS3 (Harwood et al. 2013, 2015) to fit
the radio spectrum and to ultimately get a more robust es-
timate of the synchrotron age. Given the remnant nature of
the source, we fit the KGJP model to the data. This remnant
radio emission model developed by Komissarov & Gubanov
(1994) is also known as the CIoff model and it is a modifica-
tion of the standard continuous injection model (Kardashev
1962; Jaffe & Perola 1973) to account for the AGN switch
off.
By considering an injection index αinj = −0.61 (the
spectral index at low frequencies), a minimum and max-
imum Lorentz factor of γmin = 100 and γmax = 106, a
magnetic field strength Beq = 4.1 µG, with the other in-
put parameters set to their default values, BRATS returns
a fitted age of ts = 76.0 +7.4−8.7 Myr, a break frequency νb =
384 MHz and an off component break νb, exp = 5029 MHz.
The timescales during active (ton = 54.9 +7.4−8.5 Myr) and quies-
cent (toff = 21.0 +0.0−2.1 Myr) phases were also computed. With
ts = ton+toff , we get a toff/ts ratio of ∼ 0.3. The off component
3 The Broadband Radio Astronomy ToolS is a software pack-
age that uses spectral ageing models to derive the properties
and morphology of a radio source. For more details, visit http:
//www.askanastronomer.co.uk/brats.
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break frequency, νb, exp = νb (ts/toff)2, does not lie within the
available frequency coverage because the source is observed
soon after the radio core switch off according to the fitting
model, i.e. the timescale of the quiescence phase is signifi-
cantly shorter than that of the active phase (Parma et al.
2007). In that case, ∆α ∼ −1 (derived in Section 3.3) can
only be considered as an upper limit of the spectral curva-
ture parameter.
The source age of 76 Myr is in agreement with the source
morphology and the steep spectral properties reported in
Section 3. Note, however, that the computed value is depen-
dent on some critical parameters such as αinj. For instance,
the derived age falls between 37 - 106 Myr while varying the
injection index αinj between 0.5 and 0.8. Such a range is
consistent with the upper limit to the source age as well as
the typical ages (a few tens of Myr) for dying radio galaxies
(e.g. Blandford & Ostriker 1978; Murgia et al. 2011; Brienza
et al. 2016).
Although we can achieve the best fit model with αinj =
0.40 and Beq = 12.5 µG as free parameters (χ2red = 1.42,
dashed line in Figure 3), we decided to consider BRATS out-
puts associated with fixed values of αinj = 0.61 and Beq =
4.1 µG. The latter parameters are consistent with the radio
properties of the source (e.g. the spectral index at lower fre-
quencies) and the resulting model still gives a reasonable fit
to the radio spectrum (χ2red = 8.86, solid line in Figure 3).
Table 3 summarizes BRATS fitting results in both cases.
5 DISCUSSION
A low core prominence may result from the very weak or
no core emission, a potential evidence of the central AGN
switch off. In the case of J1615+5452, the observed core
prominence of . 3.3 × 10−3 falls within the range of CP
< 10−4 − 5 × 10−3 that are associated with the remnant ra-
dio sources from the literature (e.g. Giovannini et al. 1988;
Hardcastle et al. 2016; Brienza et al. 2017; Mahatma et al.
2018). Such a low value is well below CP∼ 0.02 (the CP value
expected for a source of the same radio power assuming the
empirical correlation found by de Ruiter et al. 1990) and it
is in agreement with a quiescent nuclear engine or an active
one but at a very weak level than what is observed in typ-
ical radio sources. Furthermore, the value of CP∼ 0.02 also
falls within the interval of 0.1 - 0.001, which is a CP range
reported by de Ruiter et al. (1990) for B2 sources with radio
powers between 1024 − 1026 W Hz−1 including a very small
fraction of remnant radio AGNs. Nevertheless, classifying a
radio source as a remnant based only on its core activity is
deemed unreliable, especially for lower resolution and sen-
sitivity observations where a faint core may be missed (e.g.
Mahatma et al. 2018). It is thus recommended to combine
this parameter with other selection criteria to achieve unbi-
ased detection (e.g. Brienza et al. 2017).
In this work, α1400325 = −1.37±0.09 and ∆α ∼ −0.97±0.19.
These spectral characteristics are comparable to those of the
complete samples of remnant radio galaxies drawn by Parma
et al. (2007) and Murgia et al. (2011). The former authors
define a dying radio source based on steep spectral shape
(α1400325 < −1.3) and the absence of compact radio structures,
whereas the latter consider as well the source spectral cur-
Table 3. Fitting results from BRATS CIoff model.
αinj Beq νb νb, exp ts toff/ts χ2red
[µG] [MHz] [MHz] [Myr]
(1) (2) (3) (4) (5) (6) (7)
0.40 12.5 347 1024 35.9 +1.9−3.5 0.6 1.42
0.61 4.1 384 5029 76.0 +7.4−8.7 0.3 8.86
Notes. Columns 1 & 2: the injection index and the magnetic
field as input parameters; Column 3: the break frequency; Col-
umn 4: the off-component break frequency; Columns 5 & 6:
the computed synchrotron age of the source and the ratio be-
tween the quiescent and the active timescales; Column 7: the
reduced chi-square of the fit.
vature (∆α < −0.5) as one of its complementary selection
criteria to search for candidate remnant AGNs.
In addition, J1615+5452 has similar spectral properties
with those of remnant radio galaxies observed in the LOFAR
Lockman Hole field (α1400150 < −1.2 and ∆α = α1400325 − α325150 <−0.5, Brienza et al. 2017). Note however that the source
spectral index α325125 = −0.61 ± 0.12 at low frequencies is con-
sistent with the spectra of active radio galaxies. Murgia et al.
(2011) and Brienza et al. (2016) also noticed such spectral
shape while investigating the radio properties of B2 1619+29
and blob1 (a remnant radio galaxy in the LOFAR field), re-
spectively. A slow rate of radiative cooling or a young plasma
are suggested to explain the observed spectral feature. It is
therefore crucial to carry multi-frequency analyses for an
optimal detection of genuine dying radio sources with such
spectra.
The computed magnetic field Beq = 4.1 µG is in agree-
ment with the magnetic field strengths of previously studied
remnant radio AGNs (e.g. Murgia et al. 2011; de Gasperin
et al. 2014; Brienza et al. 2016; Duchesne & Johnston-Hollitt
2019) and dying giant radio galaxies (e.g. Tamhane et al.
2015) of the order of a few µG. Such a weak magnitude
implies the predominance of the Inverse Compton scatter-
ing from the CMB over the synchrotron losses throughout
the radiative cooling of the diffuse plasma (Komissarov &
Gubanov 1994).
The age range of the source in Section 4.2 is comparable
to those of other dying AGNs such as B2 0924+30 (54 Myr
by Jamrozy et al. 2004, ∼ 88 Myr by Shulevski et al. 2017,
78 Myr by Turner 2018), the median age of the remnant
samples from the Westerbork Northern Sky Survey (63 Myr,
Parma et al. 2007) and blob1 (75 Myr, Brienza et al. 2016).
With ts = 76 Myr, the source is relatively older than the low
luminosity radio galaxies from the B2 sample with a median
age of 31 Myr (Parma et al. 1999).
By spending 30 percent of its lifetime in the quiescent
phase, the toff/ts ratio of J1615+5452 fits within the range
0.2 − 0.8 reported in Parma et al. (2007) and Murgia et al.
(2011). Once the dormant phase of the nuclear engine kicks
off, either permanently or intermittently, the source compact
radio structure will (partially) disappear due to the lack of
freshly injected particles.
The diffuse radio emission of the source at low frequen-
cies is similar to the peculiar morphology of other dying
radio AGNs such as B2 0924+30 and blob1 which were also
discovered (partly) because of their amorphous radio emis-
sion. Assuming that the host galaxy resides in a loose group
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environment (see Section 3.1), then J1615+5452 also resem-
bles to these two sources in a way that they are among the
few known examples of non cluster-based dying radio galax-
ies (Jamrozy et al. 2004; de Gasperin et al. 2014; Hurley-
Walker et al. 2015; Duchesne & Johnston-Hollitt 2019).
Finally, based on the different stages of the core ac-
tivity (assuming the AGN lifecycle is tightly related to the
accretion of matter onto the SMBH), the population of ra-
dio galaxies can be classified into three broad categories:
the active, the dying and the restarted ones (Cordey 1987;
Morganti 2017). In the case of an intermittently active ra-
dio source, the nuclear engine undergoes multiple cycles of
AGN activity of the order of ∼ 105 yr instead of a continu-
ous activity with a single accretion phase that usually lasts
107 − 109yr (Marconi et al. 2004; Schawinski et al. 2015).
During the quiescent AGN phase, the nuclear activity is ei-
ther significantly reduced or temporarily switched off due to
a shortage of material accreting onto the SMBH. The central
engine of the nuclear activity will eventually reignite once a
new phase of accretion onto the SMBH starts again. Such a
rejuvenation of AGN activity is deemed responsible for the
presence of a flat-spectrum radio core that co-exists with
remnant radio lobes from past nuclear activity (e.g. Saikia
& Jamrozy 2009; Morganti 2017). With no direct evidence of
a restarted core and/or new born jets for the current source,
and based on the derived characteristics in Sections 3 and 4,
we potentially classify J1615+5452 as a dying radio AGN.
This implies that the radio core no longer fuels fresh particle
injection. The fossil radio lobes, however, remain visible (up
to ∼ 108 yr depending on the radio source environment) be-
cause of the radiating low energy particles being relatively
unaffected by the fast spectral evolution.
6 SUMMARY AND CONCLUSIONS
We have presented in this paper the discovery of a candi-
date remnant radio galaxy J1615+5452 in the ELAIS-N1
field. Using low frequency GMRT observations combined
with archival VLA data, we derived the source flux den-
sities between 150 and 1400 MHz to investigate the source
radio spectrum. Our main results are summarized below:
(i) The candidate remnant AGN is likely associated with
an early-type elliptical galaxy at redshift of z ∼ 0.33. The
potential host galaxy appears to reside in a low-density en-
vironment.
(ii) With an angular extent of ∼ 100 kpc, J1615+5452 has
a diffuse amorphous radio emission with no evidence of com-
pact core, jets and hotspots. We also did not detect radio
counterparts in the 1.4 GHz VLA data with a high resolution
of ∼ 5 arcsec.
(iii) The spectral indices between 150 and 1400 MHz vary
between −0.6 and −1.6 which give a high spectral curvature
∆α ∼ −1. Such spectral features indicate the predominance
of nonthermal synchrotron emission with strong ongoing ra-
diative losses.
(iv) The radio spectrum is reasonably described by a CIoff
model with a break frequency νb = 384 MHz and an off
component break at νb, exp ∼ 5 GHz. The computed syn-
chrotron age is ts = 76.0 +7.4−8.7 Myr with ton = 54.9
+7.4
−8.5 Myr
and toff = 21.0 +0.0−2.1 Myr. The source is estimated to have
spent 30 percent of its total lifetime in the fading phase.
The morphological characteristics of J1615+5452 cou-
pled with its spectral properties and synchrotron age helped
us to classify the peculiar source as a dying radio galaxy.
Combining such analyses is key to identify elusive remnant
radio AGNs that play an important role toward a compre-
hensive understanding of AGN evolution in general. With
new or upgraded low frequency radio interferometers such
as LOFAR and the upgraded GMRT (uGMRT, Gupta et al.
2017), ongoing analyses of deep radio surveys are expected
to significantly increase the detection of these rare sources.
Furthermore, prior the completion of the Square Kilome-
tre Array4 (SKA), instruments like the Australian SKA
Pathfinder (ASKAP, Johnston et al. 2008) and the South
African MeerKAT telescope (Jonas & MeerKAT Team 2016;
Camilo et al. 2018) are also expected to provide GHz fre-
quency observations with arcsec resolution and unprece-
dented sensitivities to large scale structures. Such capabili-
ties are ideal for identifying remnant radio galaxies despite
the source spectral evolution.
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